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Abstract
Global climate change resulting from the emission of greenhouse gases has become a widespread concern in the recent years. 
Carbon dioxide alone contributes roughly two-thirds to the enhanced greenhouse effect. Carbon capture and storage (CCS), an 
approach for mitigating potential global climate change, is widely known as a selected track towards sustainable application of 
fossil fuels. Technologies to separate and compress CO2 from power plant flue gases are commercially available. Absorption, 
using monoethanolamine (MEA), is the most common technology applied to capture CO2 from flue gas of fossil fuel power 
plants. However, the efficiency penalty induced by carbon capture within energy conversion systems poses a threat to the 
economic viability of these systems. The adsorption technology due to the ability to operate at moderate temperature and 
pressure, the increase of the capacity of CO2 adsorption and the compliance with the environmental safety are the trickiest in the 
adsorbent design.  The primary objective of this work was to design an adsorbent with ability of adsorbing large quantity CO2 at 
efficient energy. A long chain polymer was grafted with a diamine to provide a large CO2 anchoring site for carbamate 
formation, covering multiwalled carbon nanotubes (MWNTs) to enhance the surface area and pore volume. Thus, an advanced 
adsorbent was made after polycondensation of aspartic acid between 190°C-210°C in phosphoric acid medium and the use of 
dicyclohexylcarbodiimide (DCC) as the coupling agent; this resulted in long chain polysuccinimide (PSI) synthesis. A 
ethylenediamine  (EDA) was grafted to the PSI to give a polyaspartamide (PAA), which, covering the MWNTs, has achieved  an 
adsorbent with 100% EDA incorporation as showed  1H NMR. The chemical surface of the PAA-MWNTs showed with FTIR 
analysis the primary amine group and the amide group as CO2 anchoring sites and biodegradable bonds respectively. As 
evaluated via BET, the low surface area and pore volume of PAA have increased by 31 and 41 times respectively with the 
inclusion of MWNTs (8nm). Thus, the surface area, pore volume, and pore size of the synthesized adsorbent (PAA-MWNTs) 
were 60.4m2/g, 0.4cm3/ respectively. Transmission electron microscope (TEM) analysis and the decrease of graphitized carbon as 
shown with Raman spectra have shown that the covering of MWNTs by the polymer PAA increased the diameter size from 8nm 
WRQP7KH7*$DQDO\VLVVKRZHGDÛ&WHPSHUDWXUHOLPLWIRU&22 adsorption using PAA-MWNTs as an adsorbent. The CO2
DGVRUSWLRQ LVRWKHUP ZDV FRPSOHWHG DW Û& ZLth the use of TGA in order to evaluate the CO2 adsorption capacity of the 
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adsorbents. The PAA-MWNTs showed a higher CO2 adsorption capacity of 70gCO2/kg compared to PAA, PSI, and MWNTs 
alone, where the adsorption capacity showed 46.17gCO2/kg, 26.90gCO2/kg, and 15.20gCO2/kg respectively.   
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of GHGT.
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1. Introduction
Typically, 85% of electricity in the world is generated by fossil fuel power plants, which, through combustion, 
exhaust high levels of CO2 into the atmosphere, believed to cause global climate change [1,2]. Environmental 
impact has raised a big challenge towards anthropogenic sources of CO2, with many proposals relevant to the 
reduction of CO2 in the atmosphere. Nowadays, the environmental regulations threaten the suppression of existing 
fossil fuel power plants. Carbon dioxide capture was launched as one of approaches for mitigating climate change 
and saving the advantages linked to energy production via the fossil fuel power plants. However, a large energy 
penalty occurs [ 3 , 4 ], due to the CO2 capture process. Capture technologies include: absorption, adsorption, 
membranes, and cryogenics, all still in discussion to improve CO2 separation from flue gases from fossil fuel power 
plants. The large-scale separation of CO2 by absorption is a commercial operation used throughout the world [5].
Absorption, using monoethanolamine (MEA) as the absorbent, is the most widely accepted technology, but has 
shown many deficiencies due to high energy for regeneration, oxidation degradation, material corrosion [6, 7], and 
difficulty to absorb CO2 diluted at low concentration in flue gases streams. 
Porous adsorbents with large CO2 capture and release in pressure or temperature swing adsorption-desorption 
cycles (PSA or TSA, respectively) [8] are currently under investigation to overcome the disadvantages of amine 
aqueous solutions. Adsorption technology is very different from absorption, membranes, and cryogenic 
technologies. The ability to treat dilute solutions easily is uncommon, and this makes adsorption especially valuable 
[9]. Adsorption is thus an excellent choice for separation of CO2 from a dilute solution, and gives an additional 
perspective in post-combustion CO2 capture where the flue gas contains CO2 in very low concentrations. 
The adsorption process is usually performed in columns packed with adsorbent particles, or fixed-bed adsorbers. 
The big challenge for adsorbents is regeneration. For several economic, environmental, and technical reasons, the 
adsorbent should not be discarded after one use.
The most important characteristics of an adsorbent for any application are: capacity, selectivity, regenerability, 
kinetics, compatibility, and cost. Selection or synthesis of adsorbents for a target adsorbate molecule is based on 
adsorption isotherms [ 10 ]. The adsorption isotherm is generally based on (1) interaction potentials, and (2)
structure/geometry of the adsorbent. This shows the importance of physical and chemical investigations on the 
bonding state and the reactivity of the functional groups on the surface of an adsorbent [11].  Thus, a specific 
tailoring of pore size and the surface of adsorbents will certainly affect the surface area and the interaction 
adsorbate-adsorbent respectively. This interaction depending on dispersion, electrostatic, and chemical bonds 
describes the adsorption mechanism [12]. Weak chemical bonds involvLQJʌHOHFWURQVRUʌ-complexation may be a 
good factor for designing new and highly selective adsorbents. 
Among prospective materials for the gas separation processes, porous carbons [13, 14], zeolites [15,16], and 
metal-organic frameworks (MOFs), and related compounds [17,18] are currently receiving preferential attention.
Since amine absorbent of CO2 results in carbamate formation (-COO-), and MEA has been a benchmark solvent in 
CO2 capture absorption process, the surface of adsorbents grafted with an amine group has been a subject of 
investigation to improve CO2 adsorption performance. 
Many types of adsorbents with amine surface modification have been reported, including amine-tethered silica 
materials [19], activated carbon, zeolite, and carbon nanotubes [20]. The big challenge for the use of amine is the 
health risk, because the wide-scale deployment of carbon capture and storage (CCS) requires that health, safety, and 
environmental risks are identified and minimized [21, 22, 23, 24]. The identification of risk can lead to the 
performance of new studies to circumvent the risk in order to design and operate amine based CO2 capture plants 
without any health and environmental risks. 
Nowadays researchers are focusing on polymers containing amine group in each monomer to improve the CO2
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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adsorption capacity. [25]
Such polymers have a promising potential for large capacity CO2 capture respective to the large number of 
amine group monomers converted to reversible carbamate group monomers in a polymer. A long chain polymer 
grafted with amine group in each monomer will capture more CO2 than a short chain polymer due to the large 
presence of CO2 anchoring site able to form carbamate group. But they must meet certain requirements in order to 
maximize their potential as a polymeric adsorbent by decreasing the health and environmental risks, and increasing 
the CO2 capture capacity. The introduction of toxic and/or non-biodegradable compounds in the natural environment 
has been a worldwide serious problem that has been paid attention by many environmentalist and research 
institutions. The most common polymer with amine group in monomer investigated for CO2 capture is the 
Poly(ethylenenimine) (PEI) [26, 27, 28, 29]. Eoghan et al (2008) [30], increasing the molecular weight of PEI from 
6000, 10000 to 25000, found that the capacity of CO2 capture increased respectively. PEI is extremely toxic [31], by 
two different mechanisms [32]: the disruption of the cell membrane leading to necrotic cell death (immediate); and 
disruption of the mitochondrial membrane after internalisation leading to apoptosis (delayed). In addition, Yuting et 
al (2008) showed that the PEI becomes more toxic and non-biodegradable at high molecular weight [33].   
The objective of this work is to synthesize a biodegradable and nontoxic adsorbent through an amine polymer 
with high molecular weight. This polymer will cover a multi-walled carbon nanotube (MWNT) to enhance the 
adsorbent characteristics for CO2 capture from a flue gas stream. The synthetic polymers, presenting high CO2
adsorption capacity, are tailor-made in accordance with the general requirement. These polymers must have 
biodegradable bond with their minimal entire molecular-weight distribution of 50000. These synthetic polymers are 
categorized according to the chemical nature (e.g. polysaccharides, vinylic, acrylic polymers, poly(amino acids), 
etc.), the stability of the backbone, and the molecular weight. In this respect, Masayuk et al found that the 
SRO\FRQGHQVDWLRQ RI DVSDUWLF DFLG LQ WKH WHPSHUDWXUH UDQJH Û& -Û& ZDV XVHG WR V\QWKHVL]H WKH
polysuccinimide (PSI) with a high molecular weight (> 64000) [ 34 ], exhibited special properties, such as 
biocompatibility, biodegradability [35], and non-toxicity [36]. The PSI can be rendered longer by the use of 
Dicyclohexylcarbodiimide (DCC) [34] as a coupling agent. Due to its long chain, easy to open ring when grafted 
with amine, and ability to retard renal clearance, PSI has been chosen as an excellent macromolecular carrier for 
drug delivery [37, 38, 39]. Moreover, PSI is used in engine oil compositions of various viscosity grades as 
dispersants with complementary antifriction efficiency, and some conventional detergent, antioxidant, antiwear, and 
anticorrosion engine oil additives [40, 41]. 
Thus, the choice was made to use polyaspartamide (PAA). PAA is a long chain PSI grafted with diamine (NH2-
R-NH2) which forms amide bonds on one amine group side, and the other amine group stays available for CO2
trapping. As the amine group can trap CO2, a PAA with excess of amine will certainly increase the capacity of CO2
capture, but will also increase the health and environmental risks, and material corrosion as well.  Hence, the optical 
proportions are required.
The challenge is to circumvent the crosslinking that can occur when both right and left extreme primary amines 
(NH2-R-NH2) react with the PSI. An unreacted diamine (NH2-R-NH2) is always more reactive than the reacted one 
(-NH-R-NH2). This means that the next reaction is always an opportunity for an unreacted diamine to become 
reacted. Consequently, the following conditions must be met during the reaction:
x Considering that –NH-R-NH2 (after reaction) is less reactive than NH2-R’-NH2, the excess of diamine is 
required to inhibit –NH-R-NH2 from reacting further. For the activity of –NH-R-NH2 in the reaction is 
emphasized with the absence of NH2-R-NH2 in the same reaction.
x A low temperature is needed in order to promote a slow reaction between the polymer and diamine. This 
will allow the unreacted diamine (NH2-R-NH2) to control the reaction rather than the reacted diamine (-
NH-R-NH2).
x The polymer solution must be released dropwise in the resultant solution in order to present fewer reaction 
sites where NH2-R-NH2 will have the facility to prevail on –NH-R-NH2. 
x In addition, the reaction must be performed under strictly anhydrous conditions in order to avoid unwanted 
hydrolytic ring opening, resulting in the generation of free carboxylic side group. 
In this work, ethylenediamine (EDA) was chosen as the diamine to be incorporated into PSI to produce PAA, 
which was noncovalently bound to multi-walled carbon nanotubes (MWNT) in order to enhance the CO2 adsorption 
characteristics.   
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Nomenclature
H*         targeted proton for 1H NMR   
I            intensity        
L           litter
R chemical radical
T            temperature
2. Materials and methods
2.1. Material
The D, L aspartic acid (>98%), phosphoric acid, Ethylenediamine (EDA 99%), sodium hydroxide, 
Dicyclohexylcarbodiimide (DCC) were obtained from Sigma Aldrich, Fluka, South Africa.  Multi-walled carbon 
nanotubes (MWNTs >95wt% and < 8nm in diameter) were obtained from Cheap Tubes Inc... USA. Distilled water 
was used for all preparative work. The solvents, hexane, acetone, ether (Et2O), toluene, N,N-Dimethylformamide 
(DMF > 99%) were received from Merck, South Africa. The nitrogen gases and liquid, and air were of analytical 
grade obtained from Afrox, South Africa. The polycondensation for polymer synthesis was made with the use of 
rotavapor R-114 in a laboratory with air purification systems of fume extraction. The thermogravitric analyser 
(TGA) of model TA, STD Q600 was used to verify the adsorbent stability with the temperature, and to evaluate the 
CO2 adsorption capacity and the regenerability performance of the adsorbent through adsorption and desorption 
process.
2.2. Adsorbent synthesis
A mixture of D.L. aspartic acid (50g) and H3PO4 (25g) was homogenized in a 2L round- bottom flask. The flask 
ZDVSODFHGLQDQRLOEDWKLQWKHUDQJHRIWHPSHUDWXUHRIƕ&- Û&7KHREWDLQHGSURGXFWZDVZDVKHGXQWLOS+-
DQGGULHGLQWKHRYHQDWƕ&IRUKRXUV7KHUHVXOWDQWSURGXFWZDVPL[HGZLWK'&&IRUUHDFWLRQLQ LFHEDWK
during 24 KRXUV $IWHU FHQWULIXJDWLRQ DQG SUHFLSLWDWLRQ WKH REWDLQHG SURGXFW ZDV GULHG DW ƕ& LQ WKH RYHQ IRU
48hours to give PSI as long chain. The PSI was mixed with excess of EDA for 24 hours of reaction in ice bath. After 
precipitation by use of diethyl ether, the precipitated was washed with hot toluene following by hot acetone and the 
UHVXOWDQWSURGXFWZDVGULHGDWƕ&LQWKHRYHQIRUKRXUVWRJLYH3$$)LQDOO\3$$ZDVPL[HGZLWK0:17LQ
proportion of 1:0.03 at room temperature for 72 hours of reaction where the resultant product was washed with 
DFHWRQHDQGGULHGLQWKHRYHQDWƕ&IRUKRXUVWRJLYH0:17-PAA.
2.3. Adsorption process
The sample (10mg) was swept with N2 (flow rate = 60mL/min) under atmospheric pressure for 30 minutes, held 
isothermally at 110ƕC to desorb water and other gases from the surface. After cooling, the adsorbent was exposed to 
pure CO2 (flow rate = 60mL/min) under the pressure of 1.1 bar for PLQXWHVKHOGLVRWKHUPDOO\DWƕ&
2.4. Adsorption – desorption cycle
The sample (10mg) was swept with N2 (flow rate = 60mL/min) under atmospheric pressure for 30 minutes, held 
LVRWKHUPDOO\DWƕ&WRGHVRUEZDWHUDQGRWKHUJDVHVIURPWKHVXUIDFH7KHQa path of 10 cycles for adsorption-
desorption was programmed according to a complete cycle described as follow: (a) the adsorbent was exposed to 
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pure CO2 IORZUDWH P/PLQIRUPLQXWHVKHOGLVRWKHUPDOO\DWƕ&EDQGWKHQWKHVZHHSLQJJDVZDV
replaced with N2 (flow rate = 60mL/min) for 30 minutes, held isothermally aWWHPSHUDWXUH7ƕ&ƕ&
3. Results and discussions
3.1. Characterization
x Polysuccinimide (PSI)
Figure 1: The reaction for Poly-DL-succinimide formation
Figure 2: 1H NMR spectra showing protons in the chemical structure of PSI
Figure 3: FTIR showing necessary peaks in chemical structure of PSI.
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Figure 4: TGA showing the stability of PSI weight in air with temperature change
x Polyaspartamide (PAA)
The Fig. 5 shows the chemical structure of PAA with the presence of -CH-CH2-, -CH2-CH2-, -NH2  and -CONH-
. These chemicals bonds were confirmed with the use of 1H NMR and FTIR. After integration of peaks in the Fig. 6, 
(-CONH –CH2*-CH2*-NH2) relative to four protons in the chemical shift range (2.3-2.8 ppm) was evaluated to 1 
while (–CH-CH2*-CONH-) relative to two protons in the chemical shift range (3.2-3.8 ppm) to 0.5 as expected. The 
PAA was successfully completed with 100% EDA incorporation. The purification process for free EDA removal 
shows to be perfect. The Fig. 7 shows all expected peaks including NH2 between (3300-3500cm-1), to confirm the 
presence of primary amine as CO2 anchoring site; and NH (3100-3200cm-1), C=O ( 1650-1740cm-1) and C-N (1430-
1530cm-1) to confirm the amide group as cleavage bond for biodegradability. The Fig. 8 shows the temperature 
VWDELOLW\RI3$$XSƕ&&RPSDUHG WR36, WKH WHPSHUDWXUHVWDELOLW\ZDV UHGXFHGEHFDXVH WKH LQFRUSRUDWLRQRI
EDA has opened the ring of PSI which was cyclic (Fig. 1) for PAA formation (Fig. 5).  The BET analysis shows 
1.93 m2/g, 0.01cm3/g, and 20.63nm as surface area, pore volume, and pore size respectively. The surface area and 
pore volume have decreased 22.22 and 38.18 times respectively from PSI to PAA. This can have a negative effect 
on adsorption which depends on factors including surface area, pore voulme and pore size. Thus the improvement of 
surface area, pore volume and pore size  of PAA was  found necessary to enhance adsorption properties. If the 
chemical surface is the unique  factor that determine the adsorption process, the predominance of chemisorption is 
certain and requires more temperature for successful desorption process. Therefore an attempt of geometry/structure 
improvement was done with the use of MWNTs. 
Figure 5: Reaction for Polyaspartamide formation showing the chemical structure
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Figure 6: 1H NMR showing the number of protons relevant to PAA chemical structure.
Figure 7: FTIR showing the necessary peaks for the chemical structure of PAA
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Figure 8: TGA showing the stability of PAA weight in air with temperature change
x Multi-walled carbon nanotubes (MWNTs)
Using a commercial MWNTs, TEM, Raman spectra, TGA, and BET were utilized in order to verify the 
characteristics of the product to infer performance. The micro image from TEM using100nm as given scale (Fig. 9) 
indicated a MWNT diameter of 8nm after evaluation. 
The Fig. 10 shows the Raman spectra for the MWNT. It is obvious that there are two peaks located at ~1350 and 
~1580 cm-1. The peak near 1580 cm-1 is the G band which is related to graphite E2g symmetry of the interlayer mode
reflecting structural integrity of sp2-hybridized carbon atoms of the nanotubes. Hence, the existence of carbon 
containing defects of MWNTs can be evaluated by intensity ratio of D band to G band ((ID/IG). The ID/IG ratio of 
MWNTs was evaluated to 0.667. 7KH7*$FXUYH)LJVKRZVWKHVWDELOLW\RI0:17VZHLJKWXQWLOÛ&7KH
BET analysis (Table 1) shows 452.69m2/g, 0.74cm3/g, and 6.56nm as surface area, pore volume, and pore size 
respectively. The MWNTs used have presented good adsorbent characteristics and considered applicable to improve 
the adsorbent characteristics of the PAA, which previously presents a good chemical surface for CO2 anchoring.  
Figure 9: TEM showing the nanotube structure of MWNT with 8nm diameter size
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Figure 10: Raman Spectra on MWNT
Figure 11: TGA showing the stability of MWNTs weight in air with temperature change.
x MWNT-PAA
The MWNT-PAA synthesized as CO2 adsorbent was investigated through TEM, Raman apectra, FTIR, TGA, 
and BET in order to verify its perfomance. The evaluation of diameter size in Fig. 12a and Fig. 12b according to the 
magnitude of a measuring scale of 80nm and 20nm confirms the nanotube structure of 15 nm as diameter size 
respectively. The Fig. 12a shows the presence of transversal dark lines relevant to the covering of MWNTs by PAA. 
The Fig. 12b shows the overlaying of PAA as a long chain polymer on MWNTs. The Raman spectra of the MWNT-
PAA (Fig. 13) shows high intensity of ID and IG compare to MWNT in Fig. 10. This is due to the high florescence of 
PAA. The covering of MWNTs by the polymer has resulted in the decrease of ID/ IG ratio to 0.375. The decrease of 
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graphitized structures and the increase of carbon-contain defects is due to the fact that PAA, as along chain polymer, 
could cover large part of graphitized carbon of the MWNTs. During the reaction of PAA and MWNTs, the primary 
amine group grafted on the adsorbent and amide group, were stable, as depicted in Fig. 14. The TGA (Fig. 15) result 
for MWNTs-3$$ VKRZHG D VWDEOH ZHLJKW XQWLO Û&ZLWK D PRGHUDWH ORVV RI ZHLJKW  GXH WR WKH ZDWHU
HOLPLQDWLRQ 7KH DGVRUEHQWZDV FRPEXVWHG DIWHU Û&ZKHUH ODUJHZHLJKW GHJUDGDWLRQZDV REVHUYHGThe BET 
analysis showed 60.44m2/g, 0.40cm3/g and 13.76nm for surface area, pore volume and pore size respectively. In the 
mesopore class, the presence of MWNTs in PAA has increased the surface area and the pore volume 31.26 and 
40.54 times respectively. Thus both chemical surface and geometry structure have been improved for a promising 
adsorbent with high potential of CO2 adsorption capacity.
Figure 12: TEM image showing the covering of MWNT by PAA
Figure 13: Raman spectra (MWNTs-PAA)
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Figure 14: FTIR showing the presence of NH2 peaks in MWNTs-PAA (Adsorbent). 
Figure 15: TGA showing the stability of MWNTs-PAA weight in air with temperature change.
Table 1: BET data
Adsorbents Surface area (m2/g) Pore volume 
(cm3/g)
Pore size (nm)
MWNT 452.69 0.74 6.58
PSI 43 0.38 35.43
PAA 1.93 0.01 20.63
MWN-PAA 60.44 0.40 13.76
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3.2. Adsorption 
The CO2 adsorption capacity was 12.13mgCO2/g, 25mgCO2/g, 47.1mgCO2/g and 70mgCO2/g for M0, P0, P1 and 
[MP]1 which represent MWNT, PSI, PAA and MWNT-PAA, respectively as shown in Fig. 16. However poor 
surface area and pore volume, the PAA has high CO2 adsorption capacity compared to MWNT and PSI which 
present good surface area and pore volume. This shows a possible chemisorption occurrence due to the presence of 
amine able to form carbamate group during adsorption process. The adsorbent MWNT-PAA has higher adsorption 
capacity to show that the modification of both chemical surface and geometry/structure was beneficial to improve 
the adsorption properties. Though MWNT has low adsorption capacity, its mixture with PAA for MWNT-PAA
synthesis has been beneficial, enhancing the adsorption kinetics with high adsorption rate as depicted in Table 2. 
Looking at isotherm curves in Fig. 16, the adsorption kinetics is generally high for the 10 first minutes and decreases 
afterward as the curves become flatter. At the beginning of the adsorption process there are more available sites able 
to combine each other in order to produce high attraction force to capture CO2. The more the adsorption occurs, the 
more the available sites decrease, resulting in reduction of attraction force to capture CO2 adsorption. Accordingly 
the driven force for CO2 adsorption decreases in intensity. 
Figure 16: TGA CO2 adsorption capacity of MWNT, PSI, PAA and PAA-0:17DWƕ&
Table 2: CO2 DGVRUSWLRQFDSDFLW\ZLWKDGVRUSWLRQUDWHDWƕ&
Adsorbents Adsorption Capacity 
(mgCO2/g)
Time (minutes) Average rate 
(mgCO2/g-min)
MWNT (M0) 12.3 39 0.32
PSI (P0) 25 49 0.51
PAA (P1) 47.1 170 0.28
MWN-PAA [MP]1 70 100 0.7
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3.3. Adsorption-desorption cycle
Using thermal swing adsorption (TSA), 10 cycles CO2 adsorption-desorption were run with the objective to
show the performance of regenerability of each adsorbent. The evaluation of CO2 desorption using PSI, MWNT, 
PAA and MWNT-PAA was rendered possible through the integration of peaks in Fig. 17, 18, 19 and 20. The 
outcome is shown in Table 3. The average percentage of CO2 recovery over 10 cycles was 99%, 96%, 85% and 81%
for PSI, MWNT, PAA and MWNT-PAA respectively. The high CO2 desorption (Table 3) observed on PSI and 
MWNT shows the prevalence of physisorption during the adsorption process. Whilst PSI and MWNT have low CO2
adsorption capacity, their regenerability is good at tHPSHUDWXUHƕ&&RQYHUVely, PAA and MWNT-PAA present 
low CO2 GHVRUSWLRQDWƕ&DVVKRZHGLQ7DEOH7KLVVKRZVWKDWWKHXVHRIDPLQHWRPRGLI\WKHFKHPLFDOVXUIDFH
has affected the adsorption process with the predominance of chemisorption through the formation of carbamate. 
Generally, in TSA system, the chemisorption requires high temperature to complete adequate desorption compared 
to physisorption where the van der Waals bonds break at low temperature. For instance, the increase of temperature 
was necessaire for the evaluation of regenerability performance of PAA and MWNT-PAA as adsorbents where 
chemisorption was shown predominant during CO2 adsorption process. Thus the increase of desorption temperature 
to ƕC has shown the increase of percentage of CO2 desorption. After integration of peaks in Fig. 21 and 22 the
percentage of CO2 recovery was evaluated as the outcome is shown in the Table 4. The average percentage of CO2
recovery over 10 cycles was 98.3% and 99.5% for PAA and MWNT-PAA respectively. In addition, the height of 
peaks in Fig 21 and 22 IRUƕ&were shown more stable compared WR)LJDQGIRUƕ&7KLVVKRZHGWKDW
the regeneration of PAA and MWNT-PAA for CO2 UHFRYHU\ZDVPRUHHIILFLHQWDWƕ&
Figure 17$GVRUSWLRQƕ&-GHVRUSWLRQƕ&\FOHIRU36,
Figure 18$GVRUSWLRQƕ&-GHVRUSWLRQƕ&\FOHIRU0:17
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Figure 19: $GVRUSWLRQƕ&-GHVRUSWLRQƕ&\FOHIRU3$$
Figure 20$GVRUSWLRQƕ&-GHVRUSWLRQƕ&\FOHIRU0:17-PAA
Table 3: showing the capacity of CO2 GHVRUSWLRQDWƕ&DIWHUDGVRUSWLRQDWƕ&
% CO2 recovery in desorption process after 10 cycles of ads-desorption
Adsorbents 1 2 3 4 5 6 7 8 9 10 Average
MWNT 97 99 93 97 93 99 95 93 95 98 96
PSI 100 100 100 100 99 100 99 99 99 97 99
PAA 86 92 89 87 83 86 83 84 84 80 85
MWNT-
PAA
92 85 83 82 80 78 78 78 78 77 81
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Figure 21$GVRUSWLRQƕ&-dHVRUSWLRQƕ&&\FOHIRU3$$
Figure 22$GVRUSWLRQƕ&-dHVRUSWLRQƕ&&\FOHIRUMWNT-PAA
Table 4: showing the capacity of CO2 GHVRUSWLRQDWƕ&DIWHUDGVRUSWLRQDWƕ&
% CO2 recovery in desorption process after 10 cycles of ads-desorption
Adsorbents 1 2 3 4 5 6 7 8 9 10 Average
PAA 100 99.3 97.3 98.4 98.1 98 97.3 97 97.5 97 98.3
MWNT-
PAA 100 100 100 99.1 99 98 98.5 98.4 98 99 99.5
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4.    CONCLUSIONS
The incorporation of EDA in the PSI to produce PAA has shown 100% through 1H NMR to confirm the absence 
of free amine which should render the adsorbent more toxic and corrosive. The presence of amide bond (CONH) in 
both PAA and MWNT-PAA was successfully assessed through FTIR to confirm the biodegradability of the 
adsorbents. The temperature stability of the adsorbents ZDVXSWRƕ& for both PAA and MWNT-PAA.
The use of PSI grafted with EDA to produce PAA has resulted in increase of CO2 adsorption capacity because 
the primary amine could react with CO2 through chemisorption process to form a carbamate group. However some
important factors to improve the adsorption including surface area, and pore volume and pore size were poor in 
PAA compared to PSI as pristine polymer. These factors were improved after adding MWNT to PAA in order to 
produce MWNT-PAA. Accordingly, the CO2 adsorption capacity and the adsorption kinetics of MWNT-PAA were 
enhanced compared to PAA. Regardless low CO2 adsorption capacity, PSI and MWNT have shown good 
regenerability at low temperature ƕ& due to the physisorption predominance during the adsorption process.
Inversely, high desorption temperature (ƕ& ZDV UHTXLUHG WR UHJHQHUDWH PAA and MWNT-PAA due to the 
chemisorption predominance. The use of different adsorption technology such as VSA, PSA and others can prove 
more the performance PAA and MWNT-PAA as adsorbents able to be used in capture plant. 
Thus, PAA and MWNT-PAA adsorbent can be beneficial after certain investigations to be used especially for
CO2 capture post-combustion plant operating in TSA at low temperature. 
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